The oxidative coupling of polysubstituted electron-rich indoles mediated by thallium trifluoroacetate was found to be a facile, clean, and high yielding reaction. Indolic coupling sites were determined by the nature of the substituents present, with dimerisation at the indole 2-position being the dominant outcome. Indoles bearing two potential reaction sites with similar reactivity were additionally found to undergo heterocoupling. Abstract-The oxidative coupling of polysubstituted electron-rich indoles mediated by thallium trifluoroacetate was found to be a facile, clean, and high yielding reaction. Indolic coupling sites were determined by the nature of the substituents present, with dimerisation at the indole 2-position being the dominant outcome. Indoles bearing two potential reaction sites with similar reactivity were additionally found to undergo heterocoupling.
Introduction
Numerous synthetic methods are available for introducing the biaryl linkage into organic compounds.
1,2
The popular Suzuki reaction and its related organometallic cousins employ specific functionality to direct the sites of reaction and many examples have of course been reported. 3 Also well known are oxidative coupling methods, 4 where biaryl bonds are formed directly at unsubstituted aryl sites which have been activated either by the aryl units themselves or by ring substituents. The clear advantage of oxidative coupling over organometallic methods, particularly for the formation of biaryl dimers, is that it requires no prior functionalisation of the aromatic reaction site(s).
1
As part of our ongoing investigations into the biological activities of homo-and hetero-dimeric aromatic systems, 5 we wished to identify simple methods for constructing focused libraries of symmetrical and non-symmetrical biindoles incorporating biaryl linkages at the indole 2 and 7 positions. While there have been many syntheses of 2,2′-biindoles, 6 the procedures usually involve numerous steps and are impractical for preparing multiple analogues. In the case of 7,7′-biindoles, very few syntheses have been reported but one notable example 7 describes the oxidative coupling of 4,6-dimethoxy-2,3-diphenylindole in the presence of quinone, chloranil or dichlorodicyanoquinone to yield the homodimeric 7,7′-coupled biindole in 100%, 70% and 60% yields respectively.
Attracted by the simplicity of oxidative coupling methods, we sought to identify a suitable oxidant for preparing our biindole libraries. Thallium (III) trifluoroacetate has previously been used for effecting 
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As a representative example, the structure of 12 was supported by analysis of the mass spectrum (ES), which showed a peak at m/z 845 assigned as the [M+1] ion. Further support was provided by the 1 H NMR spectra, which showed the disappearance of a peak at 7.31 ppm assigned to H2 in 8. The presence of only 'one set' of peaks in the 1 H NMR spectrum was consistent with the formation of a symmetrical dimer. Comparison of the 1 H NMR spectrum of 12 with that of the monomer 8 showed a shift in the aromatic peaks assigned to the benzenesulfonyl group from 7.89-7.56 to 7.53-7.30 ppm, and those assigned to the 3-aryl ring from 7.47-6.92 to 7.03-6.65 ppm. The structure of 12 was eventually confirmed by a single crystal X-ray study ( Figure 1 ) which indicated that both phenyl rings are aligned to one side of the molecule, accounting for the downfield shifts of the aromatic signals in the NMR spectra of the dimer 12 relative to the monomer 8. The 2,2′-dimeric indoles 12-15 can exist as atropoisomers due to the presence of four ortho substituents. Presumably both of these isomers were formed in each of the products as racemic mixtures. Based on a mechanism previously proposed for thallium(III) promoted oxidative dimerisations 8 , we postulate that oxidative 2,2′-dimerisation of these indoles proceeds via an initial one-electron transfer from the electron-rich indole substrate to thallium(III) to form an indole radical cation (Scheme 3).
Subsequent electrophilic substitution with a second indole substrate, followed by oxidative aromatization, gives the symmetrical 2,2′-dimers. 
Scheme 3
Initial attempts to remove the benzenesulfonyl protecting group from the dimers using thionyl chloride at room temperature yielded complex mixtures. Deprotection was eventually achieved, albeit in disappointing yields of 10-15%, by heating the dimers at reflux for four hours in a 20% solution of sodium hydroxide. Dimer 17 was spectroscopically identical to the reported compound that had previously been synthesised in only 1.5% yield.
5
The poor outcome in the final deprotection step led us to investigate indole 2,2′-dimerisations using alternative protecting groups. A selection of 3-arylsubstituted indoles were N-protected with various aryl or alkyl sulfonates and then subjected to the dimerisation/deprotection sequence. These results are summarised in Scheme 4. All of the protection and dimerisation reactions proceeded smoothly and in good yield with the exception of N-4-nitrobenzenesulfonyl-3-(p-nitrophenyl)indole 21, which produced no dimer and quantitatively returned the starting material even after prolonged reaction times. This was not unexpected given the failure of compound 11 to undergo dimerisation. Confirmation of the structure of 28 was provided from a single crystal X-ray study ( Figure 2 ). Different reaction conditions were trialled for deprotection of the dimers using thiophenol, DMF and K 2 CO 3 at room temperature. Only 29 gave the deprotected 2,2′-biindole 16 in 25% yield, a slight improvement over the 15% obtained from 12 in NaOH ar reflux (Scheme 2). All other deprotection reactions again resulted in complex mixtures.
Oxidative dimerisation with N-acyl protected indoles
The effects of indole N-protection were further explored using acetyl, trifluoroacetyl and Boc groups.
The results from the protection, dimerisation and deprotection reactions are summarized in Scheme 5.
Indole acetylation was achieved using tetrabutylammonium hexafluorophosphate with potassium hydroxide and CH 2 Cl 2 under phase transfer conditions. Trifluoroacetyl protection of the indoles was carried out using a modified literature protocol. 13 Oxidative dimerisation was attempted on compounds 30-34 using the conditions described above. In stark contrast to monomers 8 and 24 (which contain 3-pmethoxyphenyl indolic substituents and N-phenylsulfonyl and N-methylsulfonyl groups respectively) the analogous N-acetyl and N-trifluoroacetyl-protected indoles 30 and 32 yielded no 2,2′-biindoles.
Inexplicably, the corresponding N-Boc derivative 34 produced a complex mixture of products.
Furthermore, given that compounds 11 and 21 (which carry 3-p-nitrophenyl indolic substituents) failed to undergo dimerisation, it was very surprising to find that the N-acetyl protected 3-(pnitrophenyl)indole 31 dimerised to 35 in 30% yield! What was perhaps even more surprising was the finding that the 3-(p-nitrophenyl)indole 33 gave no trace of the 2,2-dimer but instead produced the 2,7′,7,7′′-terindole 36 in 35% yield (Scheme 5). The remaining mass was identified as the starting indole 33 and its N-deprotected precursor. 
Thallium(III) trifluoroacetate mediated coupling of 4,6-dimethoxy-3-aryl indoles without Nprotection
The oxidative dimerisation of indoles 4, 6 and 7 using thallium (III) trifluoroacetate was attempted in the absence of NH protecting groups. After preliminary optimisation reactions, it was found that 3 to 5 equivalents of the Lewis acid were best added at 0 ºC before continued stirring at room temperature for three hours. The results are summarised in Scheme 6. Indole 4 gave the 2,2′-dimer 16 in 35% yield, the remainder being starting material and other baseline products. Indole 6 gave 20% of 2,2′-dimer 18 with 50% of the starting material recovered. Interestingly, 4,6-dimethoxy-3-(p-nitrophenyl)indole 6 gave only the 2,7′-dimer 38 (20%) with no traces of formation of 2,2′-dimer. 
Scheme 6
For all oxidative coupling reactions attempted without N-protecting groups the reactions took longer and returned significant quantities of starting material, suggesting that dimerisation is facilitated by Nprotection. The results also suggest that the alkyl or arylsulfonyl groups may help in the regiospecificity of the 2,2′-dimerisation provided the 3-aryl substituent is mildly electron-withdrawing or electrondonating.
Conclusions
Oxidative coupling of indoles with thallium(III) trifluoroacetate provides good to excellent yields of 2,2′-dimers. Protecting groups such as benzenesulfonyl, tosyl or methanesulfonyl aid formation of the 2,2′-dimer, provided that the para substituent on the 3-aryl ring is mildly deactivating or an electrondonating group. When the 3-aryl ring bears a para substituent which is a strong electron-withdrawing group, e.g. NO 2 , no reaction is observed unless an N-acetyl protecting group is present which leads to 2,7′-dimerisation. Changing the indole N-protecting group to a trifluoroacetate group deactivates C2 and activates C7 such that trimeric-indoles are formed.
Experimental
Melting point determinations were carried out on a Gallenkamp melting point apparatus. Chemical ionization (CI) and electron impact (EI) mass spectra were obtained on a Shimadzu QP-5000 mass spectrometer by a direct insertion technique with an electron beam energy of 70 eV. Electrospray (ESI) mass spectra were obtained on a VG Autospec spectrometer. High-resolution mass spectra (HRMS)
were determined on a micromass QTof2 spectrometer using polyethylene glycol or polypropylene glycol Organic solvent extracts were dried with anhydrous magnesium sulfate. All compounds were judged to be of greater than 95% purity based upon 1H NMR and TLC analysis.
7,7'-Bi(4,6-dimethoxyindolyl)-2,2',3,3'-tetracarboxylate) (2)
To a solution of dimethyl 4,6-dimethoxyindole-2,3-dicarboxylate 1 (460 mg, 1.57 mmol) and thallium trifluoroacetate (432 mg, 0.79 mmol) in dry acetonitrile (40 mL) was added BF 3 .(CH 3 CH 2 ) 2 O (785 μL, 0.79 mmol) and the reaction allowed to stir at rt for 40 min. The reaction was then extracted with water (100 mL) and CH 2 Cl 2 (4 x 50 mL). The combined organic extracts were dried (MgSO 4 ) and concentrated and the residue subjected to flash silica gel column chromatography (5:1 CH 2 Cl 2 :EtOAc) to yield the dimer 2 (420 mg, 83%) as a pale yellow powder which was spectroscopically identical to that reported. 7 
General procedure (A) for the synthesis of protected indole starting materials:
To a stirred solution of 4,6-dimethoxy-3-phenylindole (1 mol) in CH 2 Cl 2 under a nitrogen atmosphere, was added sodium hydride (1 mol, 60% dispersion in oil) and the reaction then stirred for 25 min. The sulfonyl chloride (1 mol) was then added and the reaction left to stir at 25 ○ C for an additional 2 h. The solvent was then removed under reduced pressure and the resultant residue was suspended in water (50 mL) and extracted with CH 2 Cl 2 (3 x 100 mL). The organic fractions were combined, dried (MgSO 4 ), concentrated under reduced pressure and the residue recrystallised from methanol yielding the corresponding protected indole.
N-Benzenesulfonyl-4,6-dimethoxy-3-(4-methoxyphenyl)indole (8)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4-methoxyphenyl)indole 4 (2.00 g, 
N-Benzenesulfonyl-4,6-dimethoxy-3-phenylindole (9)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-phenylindole 5 (2.00 g, 7.9 mmol), sodium hydride (0.32 g, 8.0 mmol) and benzenesulfonyl chloride (1.40 g, 7.9 mmol) to give the indole 9 (2.14 g, 69%) as a white solid, mp 125-128 
N-Benzenesulfonyl-3-(4-bromophenyl)-4,6-dimethoxyindole (10)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4-bromophenyl)indole 6 (2.50 g, 
N-Benzenesulfonyl-4,6-dimethoxy-3-(4-nitrophenyl)indole (11)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4-nitrophenyl)indole 7 (2.00 g, 6.7 mmol), sodium hydride (0.27 g 6.7 mmol) and benzenesulfonyl chloride (1.18 g, 6.7 mmol) to give the the indole 10 (1.78 g, 61%) as a white solid, mp 150-152 
3-(4-Bromophenyl)-4,6-dimethoxy-N-(4′-methylphenylsulfonyl)indole (19)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4-bromophenyl)indole 6 (2.00 g, 
3-(4-Bromophenyl)-4,6-dimethoxy-N-(p-nitrobenzenesulfonyl)indole (20)
4,6-Dimethoxy-N-(p-nitrobenzenesulfonyl)-3-(4-nitrophenyl)indole (21)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4′-nitrophenyl)indole 7 (2.00 g, 6. 
N-Methanesulfonyl-4,6-dimethoxy-3-phenylindole (22)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-phenylindole 5 (2.00 g, 7.9 mmol) 
3-(4-Bromophenyl)-N-methanesulfonyl-4,6-dimethoxyindole (23)
This was prepared by general procedure (A) using 4,6-diemthoxy-3-(4′-bromophenyl)indole 6 (2.00 g, 
N-Methanesulfonyl-4,6-dimethoxy-3-(4-methoxyphenyl)indole (24)
This was prepared by general procedure (A) using 4,6-dimethoxy-3-(4′-methoxyphenyl)indole 4 (2.00 g, 
N-Acetyl-4,6-dimethoxy-3-(4′-nitrophenyl)indole (31)
To a solution of 4,6-dimethoxy-3-(4-nitrophenyl)indole 7 (0.50 g, 1.70 mmol), acetyl chloride (0.13 g, 
N-tert-Butylcarbamate-4,6-dimethoxy-3-(4-methoxyphenyl)indole (34)
To a solution of 4,6-dimethoxy-3-(4′-methoxyphenyl)indole 4 (0. 
General procedure (B) for the synthesis of bisindoles: oxidative dimerisation:
Solid thallium(III) trifluoroacetate (0.53 mmol) was mixed with the solid protected indole (1.06 mmol) under a nitrogen atmosphere. Dry acetonitrile (7 mL) was added and the resultant mixture cooled to 0 ○ C. Boron trifluoride diethyletherate (8.0 mmol) was then added slowly into the reaction mixture, and allowed to stir for 1h. The reaction mixture was poured into water and extracted with CH 2 Cl 2 (5 x 50 mL). The combined organic layers were concentrated to give a dark residue.
2,2′-Bi-[N-benzenesulfonyl-4,6-dimethoxy-3-(4-methoxyphenyl)]indole (12)
This was prepared by general procedure (B) using N-benzenesulfonyl-3- (4- 
2,2′-Bi-(N-benzenesulfonyl-4,6-dimethoxy-3-phenyl)indole (13)
This was prepared by general procedure (B) using N- 
2,2′-Bi-[N-benzenesulfonyl-3-(4-bromophenyl)-4,6-dimethoxy]indole (14)
This was prepared using general procedure (B) using thallium ( 
2,2′-Bi-[4,6-dimethoxy-3-(4-methoxyphenyl)]indole (16)
A
2,2′-Bi-(4,6-dimethoxy-3-phenyl)indole (17)
A 
2′,2-Bi-[3-(4-bromophenyl)-4,6-dimethoxy]indole (18)
This was prepared by general procedure (B) using 4,6-dimethoxy-3-(4-bromophenyl)indole 6 (0.20 g, 
2,2′-Bi-[3-(4-bromophenyl)-(N-p-methylbenzenesulfonyl)-4,6-dimethoxy-]indole (25)
This was prepared by general procedure (B) using N- (4- 
2,2′-Bi-[3-(4-bromophenyl)-4,6-dimethoxy-(N-p-nitrobenzenesulfonyl)]indole (26)
This was prepared by general procedure (B) using 
2,2′-Bi-[3-(4-bromophenyl)-N-methanesulfonyl-4,6-dimethoxy]indole (28)
2,2′-Bi-[N-methanesulfonyl-4,6-dimethoxy-(4-methoxyphenyl)]indole (29)
This was prepared by general procedure (B) using N-methanesulfonyl-3- (4- 
2-(4,6-Dimethoxy-3-(4-nitrophenyl)-N-trifluoroacetyl-1H-indol-7-yl)-4,4',6,6'-tetramethoxy-3,3'-bi(4-nitrophenyl)-N,N′-di(trifluoroacetyl)-1H,1'H-7,7'-biindole (36)
This was prepared by general procedure (B) using thallium(III) trifluoroacetate (0.14 g, 0.25 mmol), N- 
4,6-Dimethoxy-2-[4′,6′-dimethoxy-3′-(4-nitrophenylindol)-7′-yl]-3-[(4-nitrophenyl)indole (37)
This was prepared by general procedure (B) using 4, 6 
